Abstract
INTRODUCTION
Passenger cars travel over random surfaces of different types during their operation. In terms of vertical dynamics, it is desirable to design vehicle suspension in such a way as to ensure permanent contact of the tires with the road (road holding criterion), to keep the suspension deflections within acceptable limits (suspension rattle space criterion) while minimizing variances of frequency-weighted accelerations in the space designed for passengers (ride comfort criterion) [1] , [4] , [5] . When meeting the first two conditions -road holding and suspension rattle spacethe suspension can be tuned either more to comfort or sporty driving. Tuning the suspension for comfort corresponds to minimizing the variances of frequency-weighted accelerations in the space designed for passengers, while setting the suspension for sporty driving corresponds to a minimization of the dynamic tire forces. The above concept of suspension settings has been chosen by several car manufactures (BMW, Mercedes, Porsche and others) also when using active or semi-active suspensions. The driver can usually choose "comfort", "sport" or "normal" (compromise) settings, and smoothly switch between those modes. Optimizing the suspension means finding such a combination of the suspension parameters that the chosen criterion (sport or comfort) is minimal when meeting the boundary conditions (road holding and suspension rattle space) and respecting the suspension design constraints. Finding the optimal parameters of the vehicle suspension under the above criteria is a boundary optimization problem. Classical derivative methods are inadequate for multivariable multiobjective optimization problems with constraints. Therefore, global optimization approaches such 
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As a result of the optimization process, optimal values of stiffness and damping of front and rear suspensions will be found for various road types travelled at a given range of velocities.
MODELLING OF THE EXCITATION TIME DELAY BETWEEN THE REAR AND THE FRONT TIRE
If the drive of the vehicle is direct, the rear tire is driven by the same signal as the front one located on the same side but with some time delay. It can be mathematically expressed as
where w f and w r are the road excitations under the front and rear tire respectively, τ d = l r /v represents excitation time delay between the rear and front tire and l r is the wheelbase. In practice, Pade approximation [3] is used for modelling the time delay, which can be expressed in the Laplace area in the form 
FREQUENCY WEIGHTING OF ACCELERATIONS
Standard ISO 2631-1 [4] deals with the evaluation of human exposure to whole-body vibration. It examines the effect of vibration on the human body in three perpendicular axes. A frequency weighting curve is defined for a particular direction of the applied vibration and the position of the human body. In the vertical direction for the "sitting" position, the acceleration is weighted by frequency curve W k - figure 2 b. ).
In the scientific literature, low order filters are proposed to approximate the W k curve. They are in the form
In this paper, 5-th order filter is utilized. Its factors are listed in the table below. In this paper, accelerations in the space designed for the passengers are frequency-weighted using the mentioned shaping filter (7).
SUSPENSION OPTIMIZATION USING MODIFIED RANDOM SEARCH METHOD
Finding the optimal parameters of vehicle suspension is a boundary optimization problem. In this paper, a modified random search method is adopted for the suspension parameter optimization. The essence of this method, when optimizing n parameters, is to generate randomly and uniformly distributed values of the optimized parameters, in the n-th dimensional space inside an n dimensional hypersphere, then to find the value of the objective function for each combination of optimized parameters and to choose the combination with a minimal value of appropriate objective function. The center of the hypersphere is subsequently moved to the place with a minimal value of the objective function.
The 
When tuning the suspension to "compromise", the scalar objective function contains the addition of the sum of mutual weighted standard deviations of frequency-weighted accelerations (σ a w ) and the sum of mutual weighted maximum dynamic tire forces (F t dyn max ) 
Values of optimized parameters which do not satisfy the conditions (11) are excluded. Standard deviation of accelerations and forces are calculated using the Lyapunov equation. The three-sigma rule (99.7 % probability) is utilized for evaluation of maximum dynamic tire forces.
The optimal suspension parameters are sought for road classes A-D for various travelling velocities. For class A and D, the maximum velocities are chosen as 250 km/h and 40 km/h respectively. Results of the suspension optimization process are shown in figure 3.
Figure 3 : Optimal stiffness and damping of front and rear suspensions for road classes A-D and for various travelling velocities when tuned to "comfort" and "sport"
From the results of the suspension optimization process it follows that:
1. Optimal front suspension stiffness is identical for all road classes and all vehicle velocities k sf = 20 000 N/m.
2. Optimal rear suspension stiffness is also almost identical for all road classes and all vehicle velocities. Rear suspension stiffness was chosen as k sr = 21 000 N/m.
3. Optimal front suspension damping when tuned to sporty drive does not vary much, ranging around 2 000 N.s/m. When tuned to comfort, it fluctuates slightly, but when driving on a less quality road of class D, it gradually increases with vehicle velocity (up to 1 120 N.s/m), in order to maintain the road holding criterion. A similar argument also applies for the rear suspension damping.
4. The bands limited by the blue and the red curves represent the values of allowable suspension damping for the appropriate road class. Intersection of all bands represents the values of allowable suspension damping valid for all road classes. Optimal suspension damping must be greater than the maximum value of the damping when tuned to comfort -blue curve -for all road classes and for all velocities (as if it is lower, at least at the highest velocity when travelling on a road of class D, it is a question of road holding criterion failure) and should be lower than the minimum value of damping when tuned to sporty drive -red curve. The total allowable range of damping is defined by the blue and red dashed curves. As optimal following values of front and rear suspension damping were selected: b sf = 1 500 N.s/m, b sr = 1 900 N.s/m.
CONCLUSION
In this paper vehicle suspension optimization for various road classes travelled at different velocities was performed. Suspension parameters were optimized using a modified random search method with respect to "comfort" and "sporty driving" considering the road holding and maximum suspension travel constraints and the design constraints of the suspension parameters. From the set of allowable suspension parameters were selected the optimal front and rear suspension stiffness and damping suitable for common road classes and vehicle velocities.
